We have analyzed the electromagnetic field of an optical system consisting of two uniform dielectric regions of the same refractive index separated by a flat and parallel gap of air/vacuum between them. There exist two input lights toward the gap and two output lights away from the gap. Based on an exact solution for Maxwell's equations, we have investigated the relationship between the two input and the two output lights as a function of the intensity ratio of the two input lights, the phase difference between the two input lights, the incident angle, the refractive index of the two media, and the gap width. We have found the new properties applicable to optical devices with the incident angle close to the critical angle, and several optical modulation schemes have been proposed.
Introduction
Infrared light with wavelength around 1.5 m plays the main role as the signal carrier in recently developed optical fiber telecommunication systems [1] . However, infrared light is used as a signal carrier, and almost all the control and signal processing are carried out by electronic circuits using an optic-to-electric (O/E) and an electric-to-optic (E/O) converters at both the input and output of the electronic signal processing circuit. The optical control using either the Mach-Zehnder interferometer or the ferroelectric material is currently hardly ever used, but those devices need electric/ electronic control. From the viewpoint of low energy consumption and fast signal processing, the future telecommunication system we should aim at is the pure optical system where all control and signal processing are carried out optically, without using electric or electronic circuits. We are aiming to find characteristics or properties applicable to optics control through optics, i.e., we are trying to find characteristics with the potential to realize of a purely optical device, although technical progress needs to advance beyond where it currently stands.
In our previous paper [2] , we analytically investigated an ideal optical system, shown in Fig. 1 . The system consists of two parallel media regions of the same refractive index n 9 1 separated by a flat and parallel gap region of air/vacuum. An evanescent field is generated on the gap surfaces when the incident angle is larger than the critical angle. We have derived the intensities R and T of the output lights O1 and O2, respectively, as functions of the incident angle, the intensity ratio of the input lights, the phase difference between the incident angles, and the gap width d , as the exact solution for the Maxwell's equations. We have shown several applications of the above result: a variable ratio optical power splitter, a phase to amplitude field modulator, and a mode splitter. In these applications, the gap width is less than several times of the wavelength propagating in the gap region.
In this paper, we have focused on the situation where the incident angle is within a small region around the critical angle because a large variation of output intensity is expected when the optical situation changes between the reflection and the refraction. We have found that there exists a suitable gap width for a small change of incident angle below and above the critical angle to give a large variation of the output light intensity. We have also found that there are gap widths where the output intensity oscillates between 0 and 1 þ as the incident angle monotonically increases or decreases below the critical angle, where 1 and are the intensities of the first input light (I1) and the second input light (I2), respectively. This characteristic, i.e., a steep change in output light that intensifies with a very small change in the incident angle, can be the new mechanism for an optical modulator. Such an optical modulator is proposed in Section 4. Some discussions and the conclusion are given in the final section.
Model
As shown in Fig. 1 , our optical system consists of two dielectric regions (region 1: upper media and region 3: lower media) of the same refractive index n 9 1 with a flat and parallel air/vacuum gap (region 2) with a width d between them. The regions 1-3 have infinite size in x and y directions so that we can find an analytic solution for the Maxwell's equations.
The input light (I1) with a wavelength is the reference in this paper: The intensity of (I1) is 1, and the phase of other light is expressed in reference to (I1). The second light (I2) has an intensity . Both (I1) and (I2) have the same incident angle to the upper and lower boundary of the gap.
After several mathematical manipulations starting from the Maxwell's equations on the optical system of Fig. 1 , we have derived, in our previous paper [2] , the power intensities R and T of the two output lights (O1) and (O2), respectively, as follows:
where
The parameter is defined using the incident angle as
As shown in Fig. 2 , ffiffiffi p is the length ratio of two sides of a right triangle whose hypotenuse is the ray of the incident angle. Note that these results are the exact solution that is applicable to the case where the two input lights have the same polarization angle.
Equations (1) and (2) are derived based on the exact solution for the Maxwell's equations, assuming that both input lights have the same polarization angle.
Notice that we can easily check the relationship
which shows that the powers are conserved in the respective modes and that there is no power transition between the TM and TE modes.
Output Intensities as Functions of Incident Angle Close to the Critical Angle
In this section, we investigate the output intensity whose input lights have only TM mode, and we write such output intensity as R TM . We will use defined either by (9) or by Fig. 2 instead of the incident angle . Then, at the critical angle c is
Since we will investigate a situation where the incident angle is close to the critical angle, namely it is useful to express as
Then, output intensity R TM is expressed as
where c is replaced with 1=ðn 2 À 1Þ using (11).
Output Intensities versus Gap Width at Incident Angles Just Under or Above the Critical Angle
When the incident angle is represented by parameter as ¼ c þ Á for any negative Á, where c corresponds to the critical angle, it means that the incident angle is below the critical angle. In this case, the refracted light propagates in the gap [4] - [7] and the S function in (14) is defined as a sinusoidal function [see (8) ]; therefore, R TM is found to be a periodic function of the gap width d , and an equation
has a series of real and positive
where m is a nonnegative integer. Equation (16) is valid for nonnegative m. Note that (16) shows a series of d = for which the output light intensity becomes perfectly zero or in the Boff[ state.
In (16), since the sin À1 function has the range ½À=2; =2 and ð2n ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi ðn 2 À 1ÞjÁj p Þ=ð1À n 2 ðn 2 À 1ÞÁÞ is approximately zero for small jÁj, d m increases monotonically as m increases. Moreover, for fixed m, the smaller the jÁj, the larger the d m =. Notice that
and it is a period of d = for R TM . Such a periodic nature is due to the existence of refracted light in the gap region that has a propagation component vertical to the parallel surfaces. However, when the incident angle is c þ Á for any positive Á, it means that the incident angle is over the critical angle. In this case, evanescent light is generated in the gap [8] , [9] , and the S function in (14) is defined as sinh [see (8) ]; therefore, R TM converges to 1 as d = becomes large. In this case, R TM is always larger than the R TM at ¼ c because R TM at ¼ c þ Á converges to 1 faster than R TM at ¼ c when d = ) 1. Such a convergent nature is due to the existence of evanescent light in the gap region that localizes on both parallel surfaces. Let us compare the curves of R TM at ¼ c À Á and ¼ c þ Á. Since the Taylor expansion of sin and sinh functions are the same up to the second order, the difference between R TM curves at
Since the right-hand side of (18) is the same as the right-hand side of (17), we can say that the two curves of R TM at ¼ c À Á and ¼ c À Á are the same if the gap width is much smaller than the period of R TM at ¼ c À Á. Notice that d 0 is much smaller than the period.
As 
Output Intensity versus Incident Angle Below the Critical Angles
Now, let us consider a variation of R TM caused by the continuous incident angle change in c À Á c þ Á. Suppose R TM ¼ 0 has a solution at ¼ c À Á, and d ¼ d m ðm ! 0Þ. Then, we have seen that, as shown in Fig. 3 , the R TM curve on c À Á c has the property that when m ! 1, there are at least m À 1 solutions for Other points of the R TM are as follows:
oscillates between 0 and 1 þ at least m À 1 times in c À Á 0 before converging to 1. Let us look at some more detail of the R TM curve. For a fixed Á and m, suppose an incident angle c À Á and that an integer m larger than 1 satisfy (16). In this case, (19) is equivalent to the condition that there exists an incident angle c þ Á 0 and a non-negative integer k such that they satisfy ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Equation (21) has a trivial solution that
This solution corresponds to the initially supposed condition. Let us consider the case that Á 0 changes from ÀÁ to 0. Let us define
Hðk ; ÁÞ ¼ ðÀ1Þ 
equivalent to the condition that there exists an incident angle c þ Á and nonnegative integer k such that
The difference between (19) and (28) is the sign of the first term of Hðk 0 ; ÀÁ 0 Þ. Again, since we are only interested in the case of Á ( c and jÁ 0 j G Á, the solution for (28) must be in the neighborhood of the solution for (19). Therefore, the curve identified by m in Fig. 4 has at least m À 1 zeros and at least m À 1 points between Á 0 ¼ ÀÁ and Á 0 ¼ 0, at which R TM ¼ þ 1. As shown above, when m ! 1, the R TM oscillates between 0 and 1 þ in c À Á c . This means that a small change in incident angle below the critical angle at d ¼ d m!1 can switch one of the output light (O1) on and off, and because of the energy conservation law, the other output light is switched off and on, respectively. We will propose another modulation mechanism based on this oscillation below the critical angle in the next section. 
Application
As an application of output variation with small incident angle change as discussed in the previous section, we propose an optical modulator, illustrated by Fig. 5 . The input light sources are molded in a ferroelectric material whose refractive index is controlled by an electric field [3] . The refraction angle at the boundary between the ferroelectric material and region 2 and that at the boundary between the ferroelectric material and region 3, change due to change in the refractive index of the ferroelectric material. Thus, the incident angles of the input lights (I1) and (I2) into the boundary [a] and [b] are controlled. There are two ideally flat and parallel mirrors on the right and left sides of region 2 so that the horizontal size of the region 2 is equivalent to being infinite. Since the ferroelectric material has optical anisotropy, or Bdirection[ shown by arrows in Fig. 5 , the two ferroelectric blocks shall be arranged in opposing directions to each other.
The two input lights (I1) and (I2) have the same incident angle and the same polarization (TM), and the phase of (I2) on the boundary [b] is in advance of =2 relative to that of (I1) at the boundary [a] .
The incident angle is expressed by in (9) and in Fig. 2 , and the relationship between and the gap width d m is shown in Fig. 4 .
As a tool to control the incident angle, an electric field applied to the ferroelectric material is shown in Fig. 5 . Here, there is potential for the incident angle to be controlled by a control light, with hoped-for future advances in technology. One example seems to be that a small change in the refractive index could be made by injection of light to some appropriate material so that a small change in the incident angle could be made by a third control light. Then, the proposal described here could be a pure optics-optics device.
Binary Modulator With m ¼ 1 (Type A)
A binary modulator can be composed with the arrangement of Fig. 5 using curve A in Fig. 4 . Fig. 6 shows the same curve A in Fig. 4 , and the relationship between Á (change in the incident angle) and the output intensity R TM . When the incident angle (expressed by Á) of the input light is changed as S1, the output light intensity R TM changes like S2. The relationship can, of course, be used not only for an on-off switch, but also for a kind of angle (or electric voltage) to light intensity converter, although there is some nonlinearity. 
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Binary Modulator With m ! 2 (Type B)
Using the same argument as of Fig. 5 and the curve B in Fig. 4 , another kind of binary modulator can be composed, which needs much less change in the incident angle. The curve in Fig. 7 is the same as the curve B in Fig. 4 . With a small swing of the incident angle just over Á ¼ À0:01 c , the output light intensity makes a large swing from zero to the full range ð þ 1Þ. As a converter described in A, the type B has a much larger conversion gain.
Ternary Modulator With m ! 2 (Type C)
When we use the curve B of Fig. 4 from À0:01 Â c to 0:01 Â c , the arrangement of Fig. 5 becomes a ternary modulator. This means that, as shown in Fig. 8 , the incident angle near 0:01 Â c can be used as a stable third output value in addition to zero and 1 þ . 
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Conclusion
The electromagnetic field of two optical media with a flat and parallel gap shown in Fig. 1 has been theoretically investigated using Maxwell's equations for a situation where the incident angle of both the input lights is close to the critical angle. Conditions are determined for a very small difference in the incident angle to generate a large change in the output light intensity. Three types of optical modulators are proposed as applications of the high sensitivity dependence of output light intensity on incident angle. When an optical element, which controls the light path angle by a control light is developed in the future, the principle and the application modulator described in this paper would be an optics-controlled-by-optics device. However, there are several realistic and technical points to be investigated experimentally, and some counter measures to be made before realization of the proposals made in this paper. The divergence of optical beams, or the distribution of incident angle accompanying the real light beams and the small wavelength difference between I1 and I2 input lights are two examples of such points.
